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Institute of Physiology and Zurich Center for Integrative Human Physiology, University of Zurich, Zurich, SwitzerlandABSTRACT To gain insight into the steady-state and dynamic characteristics of structural rearrangements of an electrogenic
secondary-active cotransporter during its transport cycle, two measures of conformational change (pre-steady-state current re-
laxations and intensity of fluorescence emitted from reporter fluorophores) were investigated as a function of membrane poten-
tial and external substrate. Cysteines were substituted at three believed-new sites in the type IIb Naþ-coupled inorganic
phosphate cotransporter (SLC34A2 flounder isoform) that were predicted to be involved in conformational changes. Labeling
at one site resulted in substantial suppression of transport activity, whereas for the other sites, function remained comparable
to the wild-type. For these mutants, the properties of the pre-steady-state charge relaxations were similar for each, whereas
fluorescence intensity changes differed significantly. Fluorescence changes could be accounted for by simulations using a
five-state model with a unique set of apparent fluorescence intensities assigned to each state according to the site of labeling.
Fluorescence reported from one site was associated with inward and outward conformations, whereas for the other sites,
including four previously indentified sites, emissions were associated principally with one or the other orientation of the trans-
porter. The same membrane potential change induced complementary changes in fluorescence at some sites, which suggested
that the microenvironments of the respective fluorophores experience concomitant changes in polarity. In response to step
changes in voltage, the pre-steady-state current relaxation and the time course of change in fluorescence intensity were
described by single exponentials. For one mutant the time constants matched well with and without external Naþ, providing
direct evidence that this label reports conformational changes accompanying intrinsic charge movement and cation interactions.INTRODUCTIONThere is compelling evidence from the resolved crystal
structures of secondary-active transporters that these mem-
brane proteins adopt unique conformational changes during
the transport cycle as substrates bind, translocate, and are
released to the opposite side of the membrane (e.g., Forrest
et al. (1)). However, the identified conformations provide
only limited snapshots of the transport process without giv-
ing insight into the kinetics of the transitions between states.
Indirect experimental evidence for the dynamic processes
occurring comes from functional studies using techniques
such as single-molecule fluorescence resonance energy
transfer (2–4), electron parametric resonance (5), and
time-resolved fluorometry (6–8). Moreover, these tech-
niques allow observation of the protein behavior under
more physiologically relevant conditions than those used
for crystallography.
Electrogenic cotransporters offer a unique opportunity to
study transport dynamics because one of the driving forces
for transport, membrane potential, can be readily manipu-
lated in real-time by means of the voltage-clamp technique.
For electrogenic members of the SLC34 family of sodium-
coupled phosphate cotransporters (NaPi-IIa, NaPi-IIb), the
functional property of electrogenicity manifests itself as
steady-state Pi-induced currents at a fixed membrane poten-Submitted November 26, 2013, and accepted for publication February 28,
2014.
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0006-3495/14/04/1618/12 $2.00tial and pre-steady-state current relaxations evoked by rapid
changes in membrane potential, as commonly observed in
many electrogenic solute carriers (for review, see Forster
et al. (9)).
Analysis of pre-steady-state relaxations led to the identi-
fication of voltage-dependent partial reactions in the trans-
port cycle (Fig. 1 A), namely the empty carrier transition
(041) and Naþ interactions (142, 243, and 740)
(9,10). Moreover, the presence of mobile charge movements
that are resolvable in real-time on a macroscopic scale pro-
vides strong evidence for voltage-dependent conformational
changes. Thus, in the absence of external driving cations,
charge movements largely reflect transitions between in-
ward and outward-facing conformations of the protein
itself; the interaction of cations contributes further to the
total charge movement as these ions purportedly move
within the transmembrane electric field to and from their
binding sites. However, from pre-steady-state current relax-
ation analysis alone it may be difficult to identify and
localize conformational changes to specific regions of the
protein because of the global nature of the assay. In sum-
mary, the link between charge movement—reported as an
equivalent lumped charge moving through a fraction of
the transmembrane electric field—and protein conforma-
tional change is at best indirect, especially if the charge
movement arises from a concerted redistribution of many
charges.
We have also applied voltage-clamp fluorometry (10–14)
that yields information on local conformational changes inhttp://dx.doi.org/10.1016/j.bpj.2014.02.028
FIGURE 1 Kinetic scheme of NaPi-IIb transport cycle and sites of
cysteine substitution. (A) An eight-state kinetic scheme describes the
cotransport cycle. Under physiological conditions this proceeds in the di-
rection shown (dashed arrow). The empty carrier transition (041), Naþ in-
teractions (142, 047) are assumed to be electrogenic (black arrows). In
this study, three experimental conditions define the occupied states and in-
terconverting partial reactions: 100 mM choline Cl (100Ch) (white);
100 mMNaCl (100Na) (gray); and 100 mMNaClþ 1 mM Pi (100Naþ1Pi)
(dark gray). For each condition, the relative occupancy of any state depends
on the membrane potential. (B) Proposed secondary topology model (adapt-
ed from Fenollar-Ferrer et al. (23)) based on homology of human NaPi-IIa
using the bacterial Naþ-dicarboxylate transporter, VcINDY (31) as tem-
plate. Repeat units are shown colored (green, RU1; violet, RU2). Numbers
indicate predicted a-helical stretches and transmembrane helices according
to Fenollar-Ferrer et al. (23). Two additional transmembranes not consid-
ered in the homology model are also shown (gray). (Circles) Approximate
location of the Cys substitution sites considered in this study: previously
described sites (green (14), black (13)) and believed new sites in this study
(red). To see this figure in color, go online.
Conformational Changes of NaPi-IIb 1619specific regions of the protein. Time-resolved measurement
of fluorometric emissions (voltage-clamp fluorometry offers
a complementary tool to observe, indirectly, voltage- and
substrate-dependent conformational changes (e.g., Cha
et al. (15)). By labeling each substituted cysteine of a pop-
ulation of proteins with thiol-reactive fluorophores, changes
in their microenvironment caused by local conformational
changes will be reported as changes in the macroscopic fluo-
rescence intensity resulting, for example, from collisional
quenching of individual fluorophores (15). Because these
measurements are made in real time, we can consider the
fluorophore as a motion reporter at the chosen labeling
site. We have previously used this technique to identify mul-
tiple cation interactions in the flounder NaPi-IIb (13) and
mouse NaPi-IIc (12), and complementary movement oftwo reentrant domains during the transport cycle of flounder
NaPi-IIb (14) and the putative release of cations at the cyto-
solic face of the protein (10).
Here, we investigate possible correlations between pre-
steady-state charge movements and simultaneously
measured changes in fluorescence intensity emitted from
fluorophores covalently bound to selected sites in the floun-
der NaPi-IIb protein. The flounder isoform was chosen
because of its high functional expression in Xenopus oocytes
(e.g., Forster et al. (16)) and to allow comparison with pre-
vious structure-function studies (11,13,14). A direct correla-
tion between the mobile charge movement and fluorescence
would suggest that the fluorophore senses the same motion
event as reported by the charge movement. We have previ-
ously reported that such a correlation exists over a limited
range of membrane potentials for one labeled site in NaPi-
IIb (13). This approach has been applied to other cation-
coupled symporters (e.g., SGLT1 (7,8,17) and GAT1 (18))
to elucidate structure-function correlates during voltage-
driven conformational changes. By restricting which
conformational states the protein can occupy (for example,
by defining the substrate availability and membrane voltage
(Fig. 1 A)), we aimed to identify parts of the protein
involved in empty carrier reorientation, cation interactions,
and substrate translocation under physiological conditions.
The choice of site should reflect its proximity to functionally
important regions that undergo conformational changes in
response to membrane potential changes and, ideally, satisfy
our requirement that neither the Cys-substitution nor the
thiol labeling should significantly alter the transport
behavior. Four sites that fulfill these criteria were identified
in a previous study (14); however, correlations between
charge and fluorescence were not explored. Here, we intro-
duce three believed-new sites (Fig. 1 B) to augment our
functional mapping of local conformational changes in
response to a globally induced state change by an externally
applied step in membrane voltage.MATERIALS AND METHODS
Solutions and reagents
Oocytes were incubated in a modified Barth’s solution that contained
88 mM NaCl, 1 mM KCl, 0.41 mM CaCl2, 0.82 mM MgSO4, 2.5 mM
NaHCO3, 2 mM Ca(NO3)2, and 7.5 mM HEPES, adjusted to pH 7.5 with
TRIS and supplemented with antibiotics doxycyclin and gentamicin
(5 mg/L). The superfusing solutions contained (100Na solution), 100 mM
NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES, pH
7.4, adjusted with TRIS; 100Ch: same as for 100Na solution, but with equi-
molar replacement of NaCl with choline Cl. For intermediate Naþ concen-
trations, 100Na and 100Ch were appropriately mixed to maintain the same
osmolarity. Inorganic phosphate (Pi) was added to the superfusate from 1 M
K2HPO4 and KH2PO4 stocks that were mixed to give pH 7.4. All standard
reagents were obtained from either Sigma-Aldrich (St. Louis, MO) or Fluka
(Buchs, Switzerland). MTSET (two-(trimethylammonium) ethylmethane-
thiosulfonate bromide) and MTS-TAMRA (2-((5(6)-tetramethylrhod-
amine)carboxylamino) ethyl methanethiosulfonate) were obtained from
Biotium (Hayward, CA).Biophysical Journal 106(8) 1618–1629
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cDNA-encoding, wild-type (WT) flounder NaPi-IIb (GenBank/EMBL/
DDBJ accession No. AAB16821) was subcloned into a vector containing
the 50 and 30 UTRs from Xenopus b-globin to improve its expression in
oocytes. Novel (to our knowledge) cysteines were introduced using theQuik-
Change site-directed mutagenesis kit (Agilent Technologies, Santa Clara,
CA). The sequence was verified by sequencing (Microsynth, Balgach,
Switzerland) linearized with XbaI. The cRNA was synthesized in the pres-
ence of Cap analog using the T3MessageMachine kit (Ambion, Austin, TX).Expression in Xenopus laevis oocytes
Animal procedures and preparation of oocytes followed standard proce-
dures (e.g., Patti et al. (10) and Andrini et al. (19)) and were in accordance
with the Swiss Cantonal and Federal legislation relating to animal experi-
mentation. Stage V–VI oocytes were selected, maintained in modified
Barth’s solution at 16C, and injected with 50 nL of cRNA (200 ng/mL). Ex-
periments were performed 4–5 days after injection.32P uptake
Control oocytes (NI) and oocytes expressing fNaPi-IIb WT and cysteine
mutants (10–15 oocytes/group) were first allowed to equilibrate in 100Na
without tracer. After aspiration of this solution, oocytes were incubated in
100Na containing 1 mM cold Pi and
32P (specific activity 10 mCi mmol1).
Uptake proceeded for 10 min and then oocytes were washed four times with
ice-cold 100Ch containing 2 mM Pi, and lysed individually in 2% sodium
dodecyl-sulfate for 10 min before addition of the scintillation cocktail. The
amount of radioactivity in each oocyte was measured by scintillation
counting.Two electrode voltage-clamp
Standard two-electrode voltage-clamp hardware was used (GeneClamp,
Model 500; Molecular Devices, Eugene, OR or TEC-10X; NPI, Tamm,
Germany). Voltage-clamp control, data acquisition, and perfusion valve
switching were all under software control using PCLAMP Ver. 8–10 soft-
ware (Molecular Devices).Determination of apparent Pi affinity
To determine the apparent affinity constant for Pi (K0.5
Pi), the electro-
genic response to different Pi concentrations added to the 100Na control
solution was measured at a defined membrane potential. Oocytes were
voltage-clamped to Vh ¼ 60 mV and voltage steps were applied in
the range 160 to þ60 mV for typically 100 ms. To measure Pi-induced
currents (IPi), the superfusate was switched from the control (100Na) so-
lution to one containing a given concentration of Pi and when the holding
current had reached a steady state, the voltage steps were repeated. The
control data set was subtracted from the data set obtained in the presence
of Pi to give IPi for each [Pi] and test voltage. Estimates of K0.5
Pi were
obtained by fitting data with a form of the Michaelis-Menten equation
given by
IPi ¼ ImaxPi ½Pi
½Pi þ KPi0:5
þ IOFF;
.
(1)
where IPi
max is the maximum current attainable, and IOFF is a variable offset
to account for uncoupled leak effects (20). To take account of the differ-
ences in expression levels between individual oocytes, data obtained from
each oocyte were normalized to IPi recorded at 100 mV with 100Na
and 1 mM Pi before pooling and fitting the data with Eq. 1.Biophysical Journal 106(8) 1618–1629Thiol modification by MTSET
MTSET were prepared from dry stock in water to give 1 M stock solution
and kept at 20C until required. This was further diluted before adding to
100Na or 100Ch to give the working concentration for determination of the
reaction rate. MTSET was applied to the chamber with gravity feed via a
0.5-mm-diameter cannula positioned near the cell. During MTSETapplica-
tion, oocytes were kept at Vh¼50 mV. After washout, the Pi-induced cur-
rent was remeasured. The effective second-order reaction rates were
determined by fitting a single decaying exponential to the peak Pi-depen-
dent current after a cumulative exposure time t, (ItPi) determined following
each successive MTS exposure,
ItPi ¼

I0Pi  INPi

expðctkÞ þ INPi ; (2)
where I0Pi is the Pi response at t ¼ 0, INPi is the response at t ¼N, c is the
concentration of MTS reagent (assumed to be in excess), and k* is the effec-
tive second-order rate constant (21).Voltage-clamp fluorometry
The voltage-clamp fluorometry apparatus comprised a two-electrode
voltage-clamp (TEC-10CX; NPI, Tamm, Germany) and a laboratory-built
fluorescence microscope as previously described in Virkki et al. (13),
with the following changes:
1. For some experiments, we used an XF32 cube set (with 535DF35 exci-
tation filter, 570DRLP dichroic mirror, and 596DF35 emission filter;
Omega Optical, Brattleboro, VT).
2. Excitation was via a green LED light source (Luxeon LXHL-PM02; Phi-
lips Lumileds Lighting, San Jose, CA) driven by stabilized current
source.
3. For labeling, oocytes were incubated in 0.4 mMMTS-TAMRA in 100Na
and kept in the dark at 20C for 5 min.Voltage step protocols and pre-steady-state
analysis
The protocol for recording pre-steady-state current and simultaneous fluo-
rescence used voltage steps from Vh ¼ 60 mV to voltages in the range
200 mV to þ200 mV. Signals were averaged 20–40 fold and filtered at
500 Hz (4-pole Bessel). Pre-steady-state current relaxations were typically
quantified for voltages in the range 180 mV % V % 100 mV where we
could exclude contamination from endogenous Cl currents. Current relax-
ations were typically fitted with a multiple exponential function. The fastest
component, which represents the linear capacitive charging of the oocyte
membrane (typically 0.35–0.6 ms, depending on the oocyte), was sub-
tracted from the total relaxation to obtain the NaPi-II-dependent component
of transient current. For some oocytes, depending on voltage-clamp settling
time, we obtained improved fits (as judged by the reported fit residual) by
choosing a three-exponential algorithm. However, we routinely used a two-
exponential fit to obtain the time constant for the main charge relaxation
because fit results that were more consistent were obtained over the whole
test voltage range. After subtraction of the fast capacitive component, the
remaining current was numerically integrated to obtain the charge moved
(Q) for a step from the holding potential to the test potential. The Q-V
data were fitted with a Boltzmann function of the form given by
Q ¼ Qhyp þ Qmax

1þ expzQeVQ0:5  V

kT

; (3)
where V0.5
Q is the voltage at which the charge is distributed equally be-
tween two hypothetical states, zQ is the apparent valency of an equivalent
charge that moves through the whole of the membrane field, Qmax is the
Conformational Changes of NaPi-IIb 1621total mobile charge available,Qhyp is the charge of the hyperpolarizing limit
and is a function of Vh, and e, k, and T have their usual meanings. Each fluo-
rescence recording was baseline-corrected relative to the value at Vh ¼
60 mV. After correction for any systematic loss of F as described previ-
ously in Virkki et al. (13), data from single oocytes were normalized to
the predicted maximum change in fluorescence (DFmax) obtained in the so-
lution that gave the highest DF and then pooled. DFmax was obtained from
theDF-V data, which were fitted with the Boltzmann equation (Eq. 3, where
Q was substituted with DF and the corresponding fit parameters are DFmax,
zF, and V0.5
F). The time course of DF was described by fitting a single
growing exponential function.Data analysis and simulations
Curve fitting using Eqs. 1–3 was performed using GraphPad PRISM Ver. 4
for Windows, (GraphPad Software, San Diego, CA, www.graphpad.com).
Data points are shown as mean 5 SE. Error bars are not displayed if
smaller than the graphical symbol. Kinetic simulations were performed
using Berkeley MADONNA V8.0.2a8 software (www.berkeleymadonna.
com).RESULTS
Functional characterization of Cys mutants in
flounder NaPi-IIb before and after thiol labeling
Three new sites in the flounder NaPi-IIb protein (Ala-104
Ala-116, and Ser-144) were chosen for cysteine substitution
(Fig. 1 B) based on a previous structure-function study using
the rat NaPi-IIa isoform (22), which suggested that this re-
gion of the protein might undergo unique conformation
changes. When expressed in X. laevis oocytes, the mutants
showed Naþ-dependent 32P uptake and Pi-induced currents
(IPi) in the presence of external Na
þ (100Na solution) under
voltage-clamp that were comparable with WT levels (with
Pi ¼ 1 mM, typical magnitude for IPi R 100 nA at
50 mV) (data not shown). These assays confirmed that
the substitutions were well tolerated. Furthermore, to estab-
lish whether mutagenesis had altered the basic cotransport
kinetics, we determined the apparent affinity constant for
Pi in 100Na (K0.5
Pi) (see Materials and Methods) for each
mutant. At 100 mV, the K0.5Pi values were 0.07 5
0.02 mM (A104C), 0.04 5 0.02 mM (A116C), and 0.02
5 0.01 mM (S144C), which were comparable with reported
data for the WT (0.03 5 0.01 mM) and previouslyTABLE 1 Comparison of properties of midpoint voltages V0.5
Q and
Parameter WT A104C A1
V0.5
Q (mV)y 115 7 0.3 5 1.4 25
V0.5
Q (mV)y n.d. 5 5 2 8
V0.5
F (mV)y n.a. 27 5 3 16
V0.5
Q/log[Naþ]o (mV/decade) 1225 18 1195 8 935
V0.5
Q/log[NaD]o (mV/decade) n.d. 1005 12 116
V0.5
F/log[NaD]o (mV/decade) n.a. 1215 7
z 94
Each entry is the mean5 SE for nR 4 for each construct. Key: n.a., not applic
after labeling with MTS-TAMRA.
*Data reported in Virkki et al. (14).
ySuperfusion with 100 mM Naþ (100Na).
zBoltzmann fit performed from minimum of DF-V data to hyperpolarizing extrdescribed mutants (e.g., Virkki et al. (14)). We concluded
that the Cys-mutagenesis had left the electrogenic transport
mechanism intact.
In addition to tolerating the Cys substitution, we required
that the substituted Cys be accessible for labeling and that
this should not cause a significant deviation from WT
behavior, as for previously reported substitutions at Ser-
155, Ser-226, Gln-319C, and Glu-451 (14). We therefore
examined the electrogenic behavior of the new mutants
before and after exposure to MTSET or the thiol-reactive
fluorophore MTS-TAMRA (see Fig. S1 in the Supporting
Material). Mutants A104C and A116C showed insignificant
change in IPi after exposure to these reagents (1 mM, 5 min;
see Fig. S1 A). In contrast, S144C displayed a significant
reduction in IPi (see Fig. S1 B). We characterized the loss
of electrogenic transport function by exposing oocytes ex-
pressing S144C to MTSET for successive 1-min intervals
and measured IPi after each exposure (Materials and
Methods). The rate of decrease in IPi was dependent on
the incubation medium (see Fig. S1 C). For exposure to
MTSET in 100Ch, the effective second-order reaction rate
(k*) ¼ 0.746 s1 M1, whereas for incubation in 100Na,
k* ¼ 129 s1 M1, which was comparable to values we
have previously reported (e.g., Virkki et al. (13)). The
slow rate of modification in 100Ch indicated that this site
was significantly less accessible in the absence of external
Naþ ions. Because S144C did not satisfy our experimental
criterion, we did not investigate its properties further.
For mutants A104C and A116C, we next investigated
whether incubation with MTS-TAMRA altered the charac-
teristics of the pre-steady-state charge movements. Current
relaxations were measured for each mutant in response to
voltage steps with varying [Naþ]o from 0 to 100 mM. Anal-
ysis yielded the steady-state mobile charge distribution as a
function of membrane potential (see Materials and Methods,
and see Fig. S2). The parameters obtained from Boltzmann
fits that describe the main features of the charge-voltage (Q-
V) relations were generally close to those previously re-
ported for the WT (14,19). However, there were small shifts
in the absolute values of the midpoint voltage of the Q-V
data (V0.5
Q) (Table 1) after labeling and small (<10%)
changes in the main relaxation time constant reported byV0.5
F
16C S155C* S226C* Q319C* E451C*
1 65 3 95 4 5 5 4 35 5
5 1 -85 5 25 3 5 5 5 65 3
5 3 -345 1 325 3 35 5 2 125 7
10 1045 12 915 7 1055 8 1295 5
5 7 1015 14 1025 9 1095 8 1315 4
5 1 1405 5 585 8 55 5 3 995 2
able; n.d., not determined. Bold entries indicate fitted parameters obtained
eme (see text).
Biophysical Journal 106(8) 1618–1629
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Fig. S2 B). We found that the dependence of V0.5
Q on the
concentration of external Naþ ions ([Naþ]o) gave similar
limiting slopes when plotted against log10[Na
þ]o and was
close to the expected value (z120 mV/decade) (19) (Table
1). This finding confirmed that for A104C or A116C, neither
the Cys substitution nor exposure to thiol-reactive reagents
had significantly altered the external Naþ interactions.FIGURE 2 Voltage- and substrate-dependent changes in steady-state
fluorescence intensity. (A) Recordings of changes in emitted fluorescence
intensity for mutant A104C (upper traces) and A116C (lower traces) in
response to voltage steps indicated for three superfusion conditions. Colors
ofDF traces correspond to same color for voltage pulses. Note that different
holding potentials were used. (B) Voltage dependence of DF for A104C and
A116C with three superfusion conditions (100Ch: open circles; 100Na
solid circles; 100Naþ1Pi solid squares). For A116C, data for individual oo-
cytes were fit with Eq. 3 to obtain DFmax for 100Na and then normalized
and offset so that they superimpose at the depolarizing extreme. The fit pa-
rameters were for 100Na (100Ch): DFmax ¼ 1.00 5 0.04 (0.96 5 0.10);
V0.5
F ¼ 16 5 3 mV (69 5 7 mV); and zF ¼ 0.59 5 0.04 (0.40 5
0.06). For A104C, data were fit from the hyperpolarizing limit to the min-
imum and normalized to DFmax before pooling (nR 5). The fit parameters
were for 100Na (100Ch): DFmax¼1.055 0.04 (0.785 0.08); V0.5F 275
3 mV (1075 5 mV); and zF¼ 0.765 0.05 (0.755 0.11). (C) Parametric
plots of DF against charge displaced (Q from pooled, normalized data as in
panel B), to indicate potential correlations between the corresponding data
sets for superfusion in 100Na (solid squares) and 100Ch (open squares).
For A104C (100Na, V > 0) and A116C (100Ch), linear relationships are
evident (dashed lines). For A116C the 100-Na data deviate from the theo-
retical relationship with 100% correlation (continuous line). (Arrows)
Membrane potential corresponding to the data point. To see this figure in
color, go online.Changes in fluorescence intensity reported by
cysteine mutants after labeling with MTS-TAMRA
When voltage steps were applied to either noninjected oo-
cytes or WT NaPi-IIb, voltage-dependent changes in the
emitted fluorescence intensity (DF) were not detected. How-
ever, for the labeled A104C and A116C, DF was resolved
whose magnitude and polarity depended on the composition
of the superfusion medium and the labeling site. For oocytes
expressing A116C (Fig. 2 A), in the absence of external Naþ
(100Ch), equal and opposite 120 mV steps from the
60 mV holding potential induced DF of similar magni-
tude, with quenching of fluorescence occurring for the depo-
larizing step relative to the baseline value at 60 mV. The
addition of 100 mM Naþ (100Na) resulted in a larger DF
for the depolarizing step and reduced DF for the hyperpola-
rizing step, thus resulting in a shift of the DF-V distribution
along the voltage axis (Fig. 2 B, right panel). In contrast, the
addition of 1 mM Pi had marginal effect on DF for depola-
rizing potentials compared with 100Ch, but further reduced
the magnitude of DF for the hyperpolarizing step. Mutant
A104C (Fig. 2 A, upper) also gave DF with all three super-
fusing conditions; however, unlike A116C, the direction of
DF did not change monotonically with membrane potential.
Furthermore, for superfusion in 100Na, the off-transition
(return to the holding potential) evoked a rapid fluorescence
quench followed by a transient tail relaxation that was
superimposed on a relatively small steady-state DF during
the voltage pulse. Qualitatively similar behavior was found
when 1 mM Pi was also present in the superfusate although
the rapid quench transient was less evident.
Normalized DF–V data for A104C and A116C are shown
using the three superfusion conditions (100Ch, 100Na, and
100Naþ1Pi) in Fig. 2 B. Unlike A116C and the four mutants
characterized in our previous study (14), which all showed
sigmoidal DF-V relationships that either monotonically
increased or decreased with V, A104C showed a distinct
minimum for each superfusion condition within the test po-
tential range. According to our standard analysis procedure,
the DF-V data for A116C were characterized by fitting with
a Boltzmann relation (Eq. 3). After normalization to account
for different expression levels, the data were adjusted such
that the respective fits superimposed at the depolarizing
limit (Fig. 2 B, left panel), where we assumed that all pro-
teins were forced to occupy an inward-facing conformation,
independent of the external substrate (Fig. 1 A). For A104C,Biophysical Journal 106(8) 1618–1629we found that the data for each superfusion condition super-
imposed at the depolarizing limit. Both A104C and A116C
showed a hyperpolarizing shift in the DF-V data in the
absence of external Naþ ions, and for A116C, the DFmax
value reported by the fit remained unchanged in the absence
of external Naþ. And for A104C, there was a 22% reduction
in the predicted DFmax.
Conformational Changes of NaPi-IIb 1623To test for correlations between the charge displacement
(Q) and DF in the steady state, we plotted DF against Q
parametrically for both mutants (Fig. 2 C). A linear relation-
ship would suggest directly that both signals originate from
the same underlying voltage-dependent process. Data sets
were normalized to the respective Qmax and DFmax in
100Na. For superfusion in 100Ch, A116C showed an
obvious linear relationship that passed through the origin,
whereas the corresponding 100Na data deviated particularly
at hyperpolarizing potentials such that for a given charge
displacement, the measured DF exceeded the value ex-
pected if there were a strict 1:1 correlation. Mutant
A104C also showed a linear relationship between DF and
Q for 100Na at hyperpolarizing potentials that was offset
from the origin; however, for 100Ch superfusion, there
was no clear linear correlation.
We also determined the DF-V dependence at intermedi-
ate [Naþ]o (25, 50, and 75 mM (0 mM Pi)) (Fig. 3). By
fitting these data with a Boltzmann function (Eq. 3) we ob-
tained the midpoint voltage for fluorescence (V0.5
F) and
compared its dependence on [Naþ]o with the correspond-
ing pre-steady-state relaxation data (Table 1). Like the
pre-steady-state V0.5
Q dependence on log10[Na
þ]o, we
also observed a linear relationship between V0.5
F andFIGURE 3 External Naþ shifts the DF-V relationship for A104C and
A116C. (A) Normalized DF-V data for A104C (left) and A116C (right)
shown for selected [Naþ]o as indicated. (Continuous lines) Fits using Eq.
3. Note that for A104C, fits were between the hyperpolarizing limit and
minimum DF. Normalized, pooled data were adjusted to superimpose at
the depolarizing limit. (B) Relationships between midpoint voltages pre-
dicted from Boltzmann fit (V0.5
F) and log10[Na
þ]o for A104C and A116C
in this study (solid symbols) and previously characterized mutants’ (open
symbols), with data redrawn from Virkki et al. (14). (Straight lines) Result
of linear regression applied to data points (see Table 1 for slopes). To see
this figure in color, go online.log10[Na
þ]o for A104C and A116C with slopes compara-
ble to the corresponding pre-steady-state data (Fig. 3 B,
Table 1). These data points lay between data previously re-
ported for labeling at Ser-155, Ser-226, Gln-319, and
E451C (Fig. 1 B) (14).Comparing the time course of pre-steady-state
relaxations and fluorescence
In addition to the steady-state changes in DF that resulted
from changing the membrane potential and superfusate
(Figs. 2 and 3), we also observed that the time course of
DF in response to voltage steps depended on the target mem-
brane potential as well as the superfusing conditions. To
compare the time course of DF and the pre-steady-state
charge relaxations, we recorded current relaxations and fluo-
rescence simultaneously from the same oocyte with the
same recording bandwidth for each signal. During the pre-
steady-state period, the time courses of the signals were
described by single-exponential functions (see Materials
and Methods) and the corresponding time constants, re-
ported by the fit algorithm, were designated tQ (pre-
steady-state charge displacement) and tF (fluorescence
intensity), respectively. Fig. 4 A shows original traces and
fits for a representative oocyte expressing A116C. For these
experiments, we again focused on transitions between
conformational states corresponding to previously indenti-
fied voltage-dependent partial reactions. We recorded data
for superfusion in
1. 100Ch, assumed to allow only transitions associated with
the empty carrier (041) and internal Naþ binding
(740); and
2. 100Na, assumed to include both the empty carrier andNaþ
interactions (transitions 740414243) (Fig. 1 A).
Fig. 4 B shows plots of tQ and tF versus V under the two
superfusing conditions (100Ch and 100Na) for A104C and
A116C introduced in this study, together with previously
unpublished data (I.C. Forster) for two mutants that gave
sufficient temporal resolution for resolving DF at 500 Hz
recording bandwidth (S155C and S226C (14)). In general,
tQ and tF showed bell-shaped dependences on membrane
potential and we observed the WT-like depolarizing shift
in the peak of tQ in 100Na relative to 100Ch (e.g., Forster
et al. (9)). For superfusion in 100Na, mutants A116C and
S155C showed close agreement between both t-values
over the whole voltage range, whereas for A104C there
was agreement only for depolarizing potentials. For super-
fusion in the absence of external Naþ ions, agreement was
found for A116C for V > 0 and for S155C over the entire
voltage range. Mutant S226C showed tF values that were
significantly slower than the corresponding tQ for both
superfusion conditions. Poor signal resolution prevented
reproducible estimations of tF for A104C in the intermedi-
ate potentials range.Biophysical Journal 106(8) 1618–1629
FIGURE 4 Comparison of time constants for current and DF. (A) Repre-
sentative data from the same oocyte expressing A116C and labeled with
MTS-TAMRA, in response to the voltage steps shown. Pre-steady-state cur-
rent relaxation (center panel) and corresponding DF traces (right panel)
show single exponential fits from which the time constants tQ and tF were
obtained. Note that for this mutant, the same voltage step evokes opposite
changes in the fluorescence and current. The recording bandwidth for both
signals was 500 Hz. (B) Plots of tF (red) and tQ (black) against V, for four
mutants indicated and superfusion in 100Ch (open squares) or 100Na (solid
squares). Error bars are values reported from fits to pooled data (n> 3). Data
points are joined for visualization. ForA104C,wewere unable to obtain reli-
able fits to theDF data in the range120% V%60 mV. To see this figure
in color, go online.
FIGURE 5 Location of sites of Cys substitution superimposed on a three-
dimensional model of human NaPi-IIa (23). The protein is assumed to be in
an outward-facing configuration with two of the three Naþ ions (blue) and Pi
(yellow-red) bound. (Upper panel) Side view; (lower panel) external-
medium view. (Dashed) Large extracellular loop linking helices 3 and 4a
(Fig. 1 B) with unknown fold. Sites S226 and Q319 within this loop were
omitted. (Circled) Elements involved in the predicted transport domain.
(Green and pink regions) Repeat units (Fig. 1 B). Modified from Fenollar-
Ferrer et al. (23). To see this figure in color, go online.
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In this study, we compared pre-steady-state charge relaxa-
tions and changes in fluorometric intensity to investigate
possible structure-function correlates between inferred local
conformational changes and charge movement in response
to rapid changes in membrane potential. We also combined
data from previously identified sites (Ser-155, Ser-226, Gln-
319, and Glu-451) (14) with data for the believed-new sites
characterized here. For such a comparison to be useful, it is
desirable for the mutagenesis and subsequent labeling to
have minimal effect on the transport function so that
behavior as close to WT behavior as possible, is retained.Biophysical Journal 106(8) 1618–1629Indeed, with the exception of labeling Cys-144, the basic
transport behavior was essentially unchanged at six exter-
nally accessible sites. The behavior of S144C was similar
to that of a previously characterized S448C mutant (13)
and reaffirms the functional importance of the two reentrant
regions of NaPi-IIb in which these sites are located (Fig. 1
B). Moreover, accessibility to Cys-144 from the external
medium was strongly dependent on the presence of Naþ,
which suggested that this site became more exposed with
Naþ ions bound, thus implying a significant conformational
change occurred with cation binding at 60 mV. Fig. 5
shows the predicted positions of five of the labeled sites
investigated, superimposed on a three-dimensional model
of human NaPi-IIa (23), and is consistent with their accessi-
bility from the external medium.Comparison betweenQ andDF in the steady state
Naþ-dependence
A104C and A116C, as well as the previously described mu-
tants (S155C, S226C, Q319C, and E451C (14)), gave
resolvable DF in response to voltage steps in the absence
of external Naþ. This indicated that they sensed conforma-
tional changes associated with the empty carrier reorienta-
tion and internal Naþ binding/debinding (Fig. 1 A). The
Conformational Changes of NaPi-IIb 1625addition of Naþ ions to the external medium modified the
voltage dependence of the pre-steady-state charge move-
ments in a qualitatively similar fashion to that found for
the WT (e.g., Forster et al. (9)), and we concluded that the
electrogenic characteristics were not strongly influenced
by either the mutagenesis or labeling. The fluorescence sig-
nals were also altered by external Naþ ions, the extent of
which depended on the labeling site.
To characterize the Naþ-dependence, we compared the
variation of the respective midpoint voltages for charge
(V0.5
Q) and fluorescence (V0.5
F) as [Naþ]o was varied. In
the former case, this parameter represents an equilibrium
potential for the voltage-dependent redistribution of mobile
charges between extreme hyperpolarizing or depolarizing
potentials. A feature of the pre-steady-state behavior of
electrogenic SLC34 proteins is the linear relationship be-
tween V0.5
Q and log10[Na
þ]o for large [Na
þ]o, and this ap-
pears to be a common kinetic feature for electrogenic
cation-coupled transporters (24–28). For NaPi-IIb we have
previously shown that a four-state kinetic model can account
for this characteristic, whereby both the empty carrier and
sequential binding of 2 Naþ ions from the external medium
before Pi contribute to the overall voltage dependence (19).
Simulations show that for 2 Naþ ions binding sequentially,
the limiting slope at high [Naþ]o approaches z120 mV/
decade [Naþ]o at room temperature (19). We found reason-
able agreement between the limiting slopes for charge and
fluorescence for A104C, A116C, E451C, and S155C (Table
1). The similarity of the limiting slopes for charge and fluo-
rescence indicated that the microenvironments of fluoro-
phores at these sites experienced conformational changes
directly related to the binding (and debinding) of multiple
Naþ ions. In contrast, two previously described mutants
(S226C and Q319C (14)) showed significantly reduced
slopes for the V0.5
F versus log10[Na
þ]o plots. This reduced
sensitivity of V0.5
F to changes in [Naþ]o suggested that the
changes in fluorophore microenvironments at these sites do
not directly reflect conformation changes associated with
charge displacement, as for the other four mutants.A five-state kinetic scheme accounts for the
fluorescence emissions
To better understand the fluorescence behavior with respect
to Naþ interactions in the absence of external Pi, we per-
formed kinetic simulations with a five-state model that
included a recently identified single Naþ ion interaction at
the cytosolic interface (10) (Fig. 6 A). Rate constants
describing the forward and backward transitions between
the states were chosen based on previous kinetic simulations
(e.g., Ghezzi et al. (11) and Andrini et al. (19)) to give
reasonable agreement between the measured Q-V data and
simulation (Fig. 6, B and C). Note that the simulations for
each mutant are based on a model in which the electrogenic
properties and rates for the partial reactions are fixed, and donot take account of any variations in voltage dependence be-
tween mutants that result from the mutagenesis and labeling
(Table 1, see Fig. S2).
To simulate the voltage-induced changes in fluorescence,
we assumed that the total F from a fixed population of trans-
porters (Nt) can be expressed as: F ¼ Nt
P
afn Xn, where Xn
is the probability of occupancy of state n and afn values are
coefficients representing the apparent fluorescence intensity
associated with that state (7,29). This is the simplest
phenomenological model that might reasonably account
for the changes in fluorescence intensity but makes no pre-
diction concerning the underlying mechanism. For example,
changes in apparent fluorescence intensity might arise from
shifts in the emission or absorption spectra, collisional
quenching, etc. (e.g., Cha and Bezanilla (30)). With this
caveat in mind, we determined a set of af values for each la-
beling site. If the fluorophore’s microenvironment is
different for each labeling site, the set of af values will
also be unique for that mutant. By appropriate choice of
af associated with each state, we could account for the gen-
eral features of the voltage dependence DF, including the
unique nonmonotonic characteristics of A104C, as well as
previously published data for labeling at Ser-155, Ser-226,
Gln-319, and E451C (14) (see Fig. S3).
We categorized the DF-V behavior according to whether
apparent quenching occurred for depolarizing voltage steps
(A116C and the previously described Q319C and E451C
(14)) and hyperpolarizing voltage steps (S155C, S226C
(14)) (see Fig. S3) or at intermediate potentials (A104C).
For example, we emulated our measured DF-V data for
A116C by assigning finite af values to States 1–3, whereas
af0 ¼ af7 ¼ 0, which implies that when States 0 or 7 are
occupied, the microenvironment of the fluorophore sup-
pressed fluorescent emission. Moreover, to reduce the num-
ber of unknowns, we set af2 ¼ af3. We found that the ratio
af1/af2,3 was a critical determinant of the V0.5
F versus log10[-
Naþ]o slope (Fig. 6 E). Setting af1/af2,3¼ 1.0 gave a slope of
96 5 4 mV/decade, close to that found experimentally for
A116C (94 5 1 mV/decade).
Because the fluorescence emission is expressed as the
product of the probability of occupancy of a given state
and its apparent fluorescence intensity, which varies accord-
ing to the labeling site, the dependence of V0.5
F on [Naþ]o
will not necessarily match that of V0.5
Q . In the example sim-
ulations shown (Fig. 6 D) with the ratio af1/af2,3 < 1, V0.5
F
will be less sensitive to [Naþ]o because the partial reactions
involving [Naþ]o contribute less to DFmax and the slope of
V0.5
F versus log10[Na
þ]o will be reduced compared with
having af1/af2,3 R 1 (Fig. 6, D and E). Moreover, for our
model parameter set (see Fig. 6 legend), the simulations pre-
dict that the occupancy of State 2 was relatively unlikely
(data not shown) when partial reaction 243 was very coop-
erative (19).
For mutants that showed apparent fluorescent quenching
for hyperpolarizing voltage steps (S155C, S226C) (seeBiophysical Journal 106(8) 1618–1629
FIGURE 6 Simulations confirm fluorescence
behavior. (A) Five-state kinetic scheme used to
simulate pre-steady-state and fluorescence
behavior. (Boxed values) Apparent valence of the
corresponding partial reaction. The voltage depen-
dence of these partial reactions was modeled by
applying Eyring transition state theory to describe
analytically the dependence of transition rate con-
stants on membrane potential. Voltage-dependent
partial reactions account for the movement of
equivalent lumped charges that change conforma-
tional state by crossing a sharp, symmetrical energy
barrier. The rate constants (in s1) were as follows:
k10 ¼ 300 exp(Vz10m/2); k01 ¼ 100 exp(Vz10m/2);
k12 ¼ [Naþ]o 2000 exp(Vz12 m/2); k21 ¼ 500
exp(Vz12 m/2); k23 ¼ [Naþ]o 8300; k32 ¼ 100;
k27 ¼ 1; k07 ¼ [Naþ]i 2000 exp(Vz07 m); k70 ¼
500 exp(Vz07 m); k27 ¼ 1; and m ¼ e/kT z 40
V1 at 20C; z10 ¼ 0.4; z12 ¼ 0.4; and z07 ¼ 0.2.
Rate constant k72 was defined independently in
terms of the other rate constants under conditions
of zero driving force to satisfy detailed balance
for the leak cycle. We assumed [Naþ]i ¼ 0.02 M.
(B) Simulated Q-V data using the model parameter
set given in panel A for the [Naþ]o value indicated.
(Continuous lines) Fits with Eq. 3. (C) Relation-
ships between V0.5
Q and log10[Na
þ]o values for
the simulated data in B. A linear regression fit to
these data yielded a slope of 1155 4 mV/decade.
(D) Simulated DF-V data using the model in panel
Awith two sets of apparent fluorescence intensities:
af0 ¼ 0, af1 ¼ 0.2, af2 ¼ af3 ¼ 0.3, af7 ¼ 0 (left
panel); af0¼ 0, af1¼ af2¼ af3¼ 0.2, af7¼ 0, (right
panel) and indicated [Naþ]o. (Continuous lines)
Fits with Eq. 3. The simulations with af1/af2,3 ¼ 1
best described the behavior of A116C. (E) The
midpoint voltage for simulated DF (V0.5
F) shows
a linear dependence on [Naþ]o with slopes that depend on the relative apparent fluorescence intensity between State 1 and States 2 and 3, as indicated. Slopes
vary from 1355 1 mV/decade (af1/af2,3¼ 0.5) to 655 4 mV (af1/af2,3¼ 2.0). The data set with af1/af2,3¼ 1.0 matched the behavior of mutant S116C with a
slope of 965 4 mV/decade (see panel D, right panel and Fig. 3 A, right panel). (F) Simulations recapitulate the behavior of A104C (compare with Fig. 3 A).
(Continuous lines) Fits with Eq. 3 from hyperpolarizing limit to minimum for each data set. The set of apparent fluorescence intensities for the five states was
as follows: af0 ¼ 0.02, af1 ¼ 0.2, af2 ¼ 0.1, af3 ¼ 0.25, and af7 ¼ 0.55. (G) The midpoint voltage of the A104C simulation (V0.5F) shows a linear dependence
on [Naþ]o with slope: 1015 5 mV/decade. (H) Simulations of A104C fluorescence behavior recapitulate the transient behavior as seen in representative data
(Fig. 2 A). The same colors are used for the voltage step and simulated fluorescence. To see this figure in color, go online.
1626 Patti and ForsterVirkki et al. (14)), we obtained close agreement between
measurement and simulations if nonzero af values were as-
signed to the inward-facing states (0, 1, and 7) (Table 2, and
see Fig. S3). For example, our simulations revealed that
mutant S226C, which shows a relatively weak dependence
of V05
F on [Naþ]o (Table 1), would give the highest fluores-
cence signal when occupying State 7 (internal Naþ bound)
with a depolarized membrane. For a hyperpolarizing voltage
step, and increasing [Naþ]o, the state occupancies will redis-
tribute and movement out of States 7 and 0 will be accom-
panied by a decrease in emitted fluorescence. For mutant
S155C, it was necessary to assign some fluorescence to
State 1 to account for the following:
1. The reduced fluorescence quenching in the absence of
external Naþ; and
2. The increased V0.5
F versus log10[Na
þ]o slope, as
observed experimentally.Biophysical Journal 106(8) 1618–1629Finally, to reproduce the biphasic characteristic of the
DF-V data for A104C (Fig. 3 A), we assigned nonzero af
values to all five states of the kinetic scheme (Table 2).
The simulations with these parameters predicted the voltage
dependence of DF in the steady-state (Fig. 6 F) and the shift
in V0.5
F for hyperpolarizing potentials as [Naþ]o decreased
(compare Fig. 6 G with Fig. 3 B). Thus, the fluorescence
emitted by the fluorophore at Cys-104 reflects both inward
and outward state occupancies as the imposed membrane
potential is varied from strong depolarization to strong hy-
perpolarization, respectively. The simulations could also
successfully recapitulate the unique time-dependent relaxa-
tions observed when making a return voltage step from the
depolarizing limit (Fig. 6 H and compare with Fig. 2 A).
At þ160 mV, a fraction of transporters occupy State 7 and
a hyperpolarizing membrane potential step results in trans-
porters leaving this state and redistributing between the
TABLE 2 Comparison of fractional apparent fluorescence
intensities
Mutant
State
7 0 1 2 3
A104C 0.49 0.02 0.18 0.09 0.22
A116C 0 0 0.33 0.33 0.33
S155C 0.38 0.38 0.24 0 0
S226C 0.80 0.20 0 0 0
Q319C 0 0.16 0.32 0.26 0.26
E451C 0 0.05 0.24 0.24 0.47
For each mutant and a given state, the fractional apparent fluorescence in-
tensity (af) was calculated from the ratio of apparent fluorescence intensity
for that state, divided by the sum of the apparent af values for each state.
The value of af was determined by trial and error to yield a best visual
match between the experimental data and simulations using the kinetic
scheme (Fig. 6 A). The same kinetic parameter set was assumed for each
mutant (see legend, Fig. 6).
Conformational Changes of NaPi-IIb 1627other states. The initial rapid quenching represents move-
ment to State 0, which has a small af, and the slower relax-
ing increase in fluorescence represents the reorientation of
the empty carrier to State 1 and eventual occupancy of State
3 (with 2 Naþ ions bound).
The steady-state fluorescence behavior for all six mutants
was summarized by generating a set of af values for each
that gave a good match to the experimental data (Table 2).
For a given mutant, the table entries indicate a relative mea-
sure of the change in the microenvironment of the respective
fluorophore when the protein occupies each of the 5 states.
Thus, for labeling, at Cys-104 the largest fluorescence emis-
sion occurs when the transporters are inward-facing with
Naþ bound or outward-facing with and without Naþ bound.
Thus, the fluorophore at Cys-104 experiences apparent
quenching at intermediate states (0, 1) and reports behavior
consistent with an alternating access model. This would also
accord with its predicted location adjacent to the core trans-
port domain (Fig. 5). Fluorophores at Cys-116, Cys-319,
and Cys-451 report occupancy of outward-facing states
and also the inward-facing empty carrier (for Cys-319 and
Cys-451).
These sites are predicted to be within the transport
domain (Fig. 5) and the differences in their DF-V character-
istics suggested that their microenvironments respond ac-
cording to the relative movements of helical domains and
linkers to which they are associated, as cations bind and de-
bind. For the labeled Cys-116, we modeled the same af for
States 1–3, and could thereby account for the experimen-
tally observed invariance of DFmax when superfusing with
100Ch and 100Na (Fig. 2 B). It was significant that the
voltage dependence of fluorescence emission from labeled
Cys-155 and Cys-226 complemented that for labeled Cys-
116 and Cys-319. If DF values were a result of changes in
the polarity of the fluorophore’s microenvironment, the
complementary DF-V for A116C and S155C suggested
that the respective sites move in a reciprocal manner relative
to one another into more or less polar environments respec-tively, as we have previously proposed for the pairs Cys-
155/Cys-451 and Cys-226/Cys-319 (14).Phosphate dependence
All mutants gave resolvable voltage-dependent DF when
saturating Pi (1 mM) was superfused with 100 mM external
Naþ. For the new mutants A104C and A116C, fluorescence
was quenched for hyperpolarizing potentials relative to the
emission level in100Na. This established that in the cotrans-
port mode, the fluorophores at these sites reported a
different change in their microenvironment from when
only Naþ was present. For strong membrane depolarization,
the fluorophore at Cys-104 reported the same DF, indepen-
dent of the superfusing condition (Fig. 2 B). Based on the
above simulations, this suggested that only inward confor-
mations associated with States 0 and 7 were reported under
these conditions. Despite quenching of DF in the presence
of Pi, the voltage dependence of DF was qualitatively
similar for both A104C and A116C and showed the same
sigmoidal dependence for V < 0.
Thus, the quenching behavior of fluorophores at Cys-104
and Cys-116 for hyperpolarizing potentials suggests that the
relative changes in the fluorophore’s microenvironment
remain unchanged and largely reflect voltage-dependent
conformational changes associated with the external cation
interactions. However, for a given membrane potential in the
hyperpolarizing range, occupancy of States 4–6 (Fig. 1 A),
for which we would predict small apparent fluorescence in-
tensities, is now favored and therefore the relative fluores-
cence emission is accordingly reduced. The Pi-dependence
DF-V could, in principle, be quantified by extending the
five-state scheme to include the complete cotransport cycle;
however, with such a large number of free parameters and
unknown internal rate constants, it would be difficult to
determine a unique set of apparent fluorescence intensities
with confidence.Comparison of the time-resolved charge
movement and DF
We reasoned that if the conformational changes purportedly
shown by the fluorophore were directly related to those
associated with the charge movement, a correlation between
tQ and tF should exist. Only one mutant (S155C) fulfilled
this criterion for both superfusion conditions and over a
wide potential range. This suggested that the conformational
changes reported by the fluorophore at Cys-155 directly
reflect those accompanying the charge movements associ-
ated with the empty carrier and cation interactions for
both inward and outward conformations. Like S155C,
when external Naþ ions were present in the superfusate,
A104C and A116C also showed reasonable agreement be-
tween tQ and tF for V > 0. According to our model, most
of the charge movement associated with a depolarizingBiophysical Journal 106(8) 1618–1629
1628 Patti and Forstervoltage step arises from Naþ ions leaving their binding sites
and the reorientation of the empty carrier.
The agreement between tQ and tF indicates that the fluo-
rophores at these sites report the same dynamics for the
accompanying conformational change as the proteins leave
State 3. In general, however, deviations between tQ and tF
would be expected because fitting the relaxations with a sin-
gle exponential is strictly only applicable to a two-state sys-
tem. The discrepancy between tF and tQ for mutant S226C
might be similarly explained by our inability to resolve a
slower component in the pre-steady-state relaxation associ-
ated with the transitions to and from State 7, the occupancy
of which, according to our model, results in the highest
apparent fluorescence intensity.CONCLUSIONS
We present evidence that sites in an electrogenic Naþ-
coupled Pi cotransporter are involved in specific molecular
rearrangements that reflect the influence of membrane po-
tential and availability of external Naþ ions. Labeling had
only marginal effect on transport function for the six sites
explored here, and we therefore assume that the conforma-
tional changes reported by the changes in fluorescence emis-
sion closely represent WT behavior. In the absence of
external Pi, a five-state kinetic scheme can account for the
behavior in terms of charge movement and changes in fluo-
rescence intensity. By assigning an apparent fluorescence
intensity to each state, we could interpret the steady-state
fluorescence signal in terms of the state-dependent molecu-
lar rearrangements unique to the labeling site.
Our findings also provide indirect evidence in support of
an alternating access mechanism, whereby the probability
of the cation binding sites being exposed to the external or
internal media is governed by the imposed membrane poten-
tial. Furthermore, by comparing the time course of fluores-
cence changes and charge movement, we could identify
those parts of the protein that undergo conformational
changes in response to changes in membrane potential.
This approach of combining charge relaxation kinetics and
time-resolved fluorescence should find application for other
electrogenic cotransporters to elucidate their structure-func-
tion relationships under physiological conditions, particu-
larly if three-dimensional structural data is available.SUPPORTING MATERIAL
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